Effects of ethylene on free polyamine biosynthesis in rice (Oryza sativa L. cv Taichung Native 1) coleoptiles were investigated in sealed and aerobic conditions. In sealed conditions, putrescine increased significantly and coincided with ethylene accumulation. Application of ethylene in sealed containers promoted putrescine accumulation over that in sealed controls. This ethylene-enhanced putrescine accumulation was inhibited by the ethylene action inhibitor 2,5-norbornadiene at 4000 ML/L. In aerobic conditions, ethylene and 1 -aminocyclopropane-1 -carboxylic acid also induced putrescine accumulation. Activity of arginine decarboxylase (EC 4.1.1.19) and S-adenosylmethionine decarboxylase (EC 4.1.1.50) increased on exposure to ethylene in aerobic conditions. Ornithine decarboxylase (EC 4.1.1.17) activity, however, remained unchanged. The ethylene-induced putrescine accumulation was inhibited by 5 x 10-4 M a-difluromethylarginine, but not by 5 x 10-4 M a-difluromethylornithine. Apparently, arginine decarboxylase, not ornithine decarboxylase, mediates the ethylene-induced putrescine accumulation. The increased S-adenosylmethioinine decarboxylase activity, however, did not result in a significant spermidine/spermine accumulation. In ethylene-treated coleoptiles, the accumulation of putrescine paralleled the increase of coleoptile length in both sealed and aerobic conditions. a-difluromethylarginine inhibited ethylene induced putrescine accumulation and coleoptile elongation. It seems that putrescine biosynthesis might be involved in the ethylene-induced elongation of rice coleoptiles.
1.1.18) (12) . The inhibition of the enzyme activity by ethylene was shown to be correlated with the ethylene-induced reduction of apical tissue activity. In contrast, ADC and SAMDC activities, and also polyamine contents, in deepwater rice stems increased in response to ethylene (3) . The increased polyamines were suggested to be involved in the promotion of both cell division and elongation of rice stems (3) . Thus, ethylene-mediated alterations in polyamine biosynthesis are parallel to the ethylene-regulated physiological responses (8, 9) .
Rice (Oryza sativa L.) plants survive under oxygen-restricted environments like hypoxia (27) and submergence (18, 28) ; these environments promote coleoptile elongation (14, 18, 27) . It has been established that ethylene is an important factor in this stimulation of rice coleoptile elongation (17, 18) . Polyamines have been suggested to be involved in the control of cell elongation. Putrescine content and a high ratio of putrescine to spermidine were directly correlated to the elongation rate in pea roots (25) and corn coleoptiles (4) . The excessive accumulation of putrescine in coleoptiles of anaerobic-grown rice seedlings was also proposed to be required for coleoptile elongation in anaerobic conditions (20) . It raises the possibility that polyamine is involved in the regulation of ethylene-enhanced elongation of rice coleoptiles. The present study therefore examines the effects of ethylene on polyamine biosynthesis, as well as the possible role of polyamine in the processes of ethylene-enhanced elongation in rice coleoptiles.
MATERIALS AND METHODS Plant Materials and Treatments
Rice (Oryza sativa L. cv Taichung Native 1) seeds were sterilized with 5% sodium hypochloride for 10 min and then rinsed with distilled water 10 times. The seeds were then germinated in Petri dishes (9 cm in diameter) containing 10 mL of distilled water under darkness at 300C. After a 3-d incubation, seedlings with 2-mm shoots were used. In the experiment under sealed conditions, 10 seedlings were transferred into a 30-mL flask with 2 mL of 10' M Mes buffer solution (pH 5.5), and the flasks were sealed with silicone rubber caps. Ethylene treatment was administered by injecting 3 mL of 10 gL/L ethylene into the sealed containers to make a concentration of 1 Figure 2 . In aerobic controls, putrescine concentra- tion increased gradually within the initial 2 d of treatment and decreased subsequently ( Fig. 2A) . In sealed conditions, levels of putrescine increased rapidly and reached a maximum amount (7. (Table I) .
Exogenously applied ethylene was found to enhance the accumulation of putrescine and spermidine above sealed controls without added ethylene (Table I) Because the accumulated CO2 and the declined 02 in sealed containers have also been identified to enhance the rice coleoptile elongation (14, 18) , the sealed system may overestimate the effect of ethylene on coleoptile elongation and accumulated polyamine contents. Therefore, effects of ethylene and its biosynthetic precursor, ACC, were treated in aerobic conditions. ACC stimulated not only ethylene production, but also coleoptile elongation (Fig. 3 ) and putrescine content (Fig. 4) . The maximum stimulation of ethylene production and coleoptile elongation occurred at 10-3 M ACC; 10-4 M had a small promotive effect and 10' M was inactive (Fig. 3) . ACC at 10-3 and 10-4 M caused a significant accumulation of putrescine, which reached a maximum at 4 d after treatment. ACC at i0' M did not stimulate putrescine accumulation. The spermidine and spermine concentrations of coleoptiles declined in all treatments; however, 10-3 M ACC retarded their decline.
To verify the results with ACC, 1 zL/L ethylene was applied by passing the ethylene-air mixture continuously over seedlings in darkness. The application of ethylene in air induced a rapid elongation of rice coleoptiles and stimulated putrescine accumulation up to 6.5-fold higher than the controls at 4 d after treatment (Table III) . In both ACC and ethylene treatments, rice coleoptiles showed a significant amount of putrescine accumulation as compared to spermidine and spermine. 
Activities of Polyamine Biosynthetic Enzymes in EthyleneTreated Coleoptiles under Aerobic Conditions
The involvement of polyamine biosynthetic enzymes, ADC, ODC, and SAMDC, in ethylene-stimulated polyamine accumulation was assayed in ethylene-treated coleoptiles under aerobic conditions. In response to ethylene, a rapid in- crease of ADC activity above the aerobic-grown controls was observed in the initial 12 h and reached a maximum after 48 h that was 3.5-fold above the controls (Fig. 5) . In contrast, ODC activity in ethylene-treated coleoptiles was slightly inhibited during the early periods (Fig. 5) . SAMDC activity in the controls showed a slight decline with the increase of growth time (Fig. 5) . SAMDC activity was enhanced by exposure to ethylene and reached a maximal level 3-fold higher than the controls after 24 h. SAMDC activity decreased to the control levels after 48 h (Fig. 5 ).
Possible Mediation of Putrescine in the Ethylene-Enhanced Elongation of Rice Coleoptiles
Because the above results implied that the enhancement of putrescine biosynthesis may be involved in ethylene-enhanced coleoptile elongation of rice seedlings, putrescine was applied in aerobic conditions to etiolated rice seedlings. However, putrescine at concentrations from i0' to 106 M had little effect on coleoptile elongation.
Another way to question whether or not putrescine acts as a mediator of ethylene-enhanced rice coleoptile elongation is to use inhibitors of ADC and ODC, DFMA and DFMO, respectively. After 60 h, DFMA at 5 x 10' M reduced or prevented the ethylene-induced increase of putrescine and actually reduced it about 10-fold compared to ethylene treatment alone (Table IV) . Similiarly, DFMA also inhibited the ethylene-enhanced elongation of coleoptiles. There was no effect of 5 x 10-M DFMO on inhibition of ethylene-enhanced coleoptile elongation and putrescine accumulation (Table IV) .
DISCUSSION
The enhancement of free putrescine biosynthesis by ethylene in rice coleoptiles is supported by the following evidence: (a) the parallelism between the increased tissue putrescine concentrations and the accumulation of ethylene in sealed containers; (b) the induction of a large increase in putrescine concentration by ethylene applied in sealed containers; (c) the inhibition of ethylene-enchanced putrescine accumulation by 2,5-norbornadiene, a specific inhibitor of ethylene action (23) in aerobic conditions; and (e) a reduction of ethylene-enhanced putrescine accumulation by DFMA, a specific inhibitor of ADC. On exposure to ethylene, the metabolism of putrescine and spermidine/spermine was greatly different. First, putrescine showed a greater accumulation than spermidine/spermine in ethylene-treated coleoptiles ( Fig. 4 ; Table  III) . Second, the putrescine showed a continuous increase after ethylene treatment, whereas the spermidine/spermine concentrations, although higher than the controls, decreased as controls did. These findings contrast with the results from the deepwater rice system (3) , where significant accumulation of spermidine was observed in response to ethylene, but putrescine showed only a relatively small increase. The observation that in etiolated pea seedlings polyamine biosynthesis is inhibited by ethylene shows even more of a contrast (1) . Moreover, ethylene inhibits growth in pea, whereas it promotes growth in both types of rice. Apparently, the effect of ethylene on polyamine metabolism depends on the plant system.
In plants, putrescine can be synthesized by either the ADCor ODC-mediated pathway (5) . In general, ADC links to stress environments, whereas ODC is likely related to cell division (5, 8, 9) . In this study, ADC The immediate increase of SAMDC activity following ethylene treatment (Fig. 5) could increase spermidine/spermine concentration; however, the relative small increases in free spermidine/spermine concentrations observed (Table III) are not consistent with the large-scale increase in SAMDC activity. Therefore, the free spermidine/spermine resulting from the increased SAMDC activity may be converted to a conjugated form or be oxidized. More experiments are needed to clarify the role of SAMDC activity in spermidine/spermine metabolism in ethylene-treated coleoptiles.
It has been established that ethylene can accelerate coleoptile elongation of etiolated rice seedlings (16, 18, 23) . The present results from both sealed and aerobic conditions also support this finding. In sealed containers, the accumulation of ethylene parelleled the increase in the elongation rate of coleoptiles. As in another report (23) , the inhibition of the ethylene-enhanced coleoptile elongation by the specific inhibitor of ethylene action, 2,5-norbomadiene, indicates that ethylene plays a role in the stimulation of coleoptile elongation of etiolated rice seedlings. This conclusion is further supported by the stimulation of coleoptile elongation by ethylene and ACC in aerobic conditions. Moreover, coleoptile elongation rate was parallel with the ACC-induced ethylene evolution.
We propose that the significant accumulation of free putrescine may mediate ethylene-induced coleoptile elongation. The parallelism between the elongation rate (Fig. 1A ) and the relative accumulated putrescine level ( Fig. 2A) in ethylenetreated coleoptiles supports this proposal. The inhibition of both the ethylene-induced putrescine increase and coleoptile elongation by DFMA provides further evidence. It has been suggested that putrescine is closely correlated with cell elongation, whereas the spermidine and spermine are associated with cell division (5, 8, 9) . The high putrescine concentration or the high putrescine/spermidine ratio is required for cell elongation (25) . Other results also indicate that putrescine plays an important role in coleoptile elongation in anaerobicgrown rice seedlings (19) (20) (21) . The ethylene-induced accumulation of polyamines in deepwater rice stems is suggested to be involved in the enhancement of cell elongation and (26) , only free polyamines were analyzed in this study. There is, however, growing evidence that conjugated polyamines may influence physiological processes (5) . Accordingly, changes of conjugated polyamine content in ethylene-treated coleoptiles are now under investigation.
